Objective. To evaluate associations between lipid levels, inflammation, and rheumatoid arthritis (RA) disease activity, at baseline and during treatment, with the risk of major adverse cardiovascular events (MACE) in tocilizumab-treated patients with RA.
(LDL) cholesterol levels were paradoxically at increased risk of CVD (7) . Thus, further exploration is needed to determine the relative contributions of traditional CVD risk factors, inflammation, and RA disease activity to the risk of major adverse CV events (MACE) in the RA patient population.
Multiple cohort studies suggest a relationship between parameters of RA disease activity and an increased risk of CV events (6, 8, 9) . In fact, the occurrence of CV events appears to be lower in patients who received nonbiologic disease-modifying antirheumatic drugs (DMARDs) (10) and in those who responded to a biologic DMARD compared with those who did not (11) . Furthermore, several studies have linked interleukin-6 (IL-6), one of the primary drivers of RArelated inflammation, with the development of coronary heart disease in both patients with RA and the general population (12) (13) (14) (15) .
Tocilizumab (TCZ) is a humanized monoclonal antibody against the IL-6 receptor (IL-6R) that is approved for the treatment of patients with moderate to severe RA in whom the response to a nonbiologic DMARD was inadequate (16, 17) . Several randomized, controlled, phase III clinical trials demonstrated the efficacy and safety of TCZ in combination with nonbiologic DMARDs (18) (19) (20) (21) or as monotherapy in patients with RA (22) (23) (24) . Treatment with TCZ results in elevations in mean lipid levels (total cholesterol, high-density lipoprotein [HDL] cholesterol, LDL cholesterol, and triglyceride). Although such elevations are similar to those associated with treatment with other antiinflammatory agents (e.g., tumor necrosis factor ␣ [TNF␣] blockers), they are of greater magnitude (24, 25) . These changes tend to occur within the first few weeks of treatment and remain stable during long-term therapy (26) .
The purpose of this analysis was to evaluate whether baseline risk factors (demographic characteristics, lipid levels, inflammation, and RA disease activity) are associated with MACE in patients receiving TCZ and, in particular, whether changes in the levels of lipids and circulating inflammatory markers or changes in RA-specific disease activity measures that occur with TCZ treatment are associated with the risk of subsequent development of MACE.
PATIENTS AND METHODS
Data sources and patient populations. Using post hoc retrospective analyses, we evaluated pooled data for adults with moderate to severe RA who received at least 1 dose of TCZ (4 mg/kg or 8 mg/kg) intravenously every 4 weeks, in combination with methotrexate or other DMARDs or as monotherapy, in registration trials (18) (19) (20) (21) (22) and in ongoing extension studies up to the cutoff date of April 1, 2011 ( Figure  1 ). All clinical and laboratory assessments for this analysis were collected in accordance with the study protocol, at regular intervals and at unscheduled visits as appropriate. All blood samples (except those used for evaluation of the ESR) were sent to a central laboratory (Covance Central Laboratory Services) for processing. Assessment of the ESR was performed at each study site using an ESR testing kit supplied by Covance. Blood samples used for the assessment of lipid levels were collected from each patient after an overnight fast.
MACE was defined as definite or probable nonfatal MI, nonfatal stroke, or death caused by CVD. Records from patients with serious adverse events in the Medical Dictionary for Regulatory Activities (version 13.0) System Organ Classes of cardiac, vascular, nervous system, and general disorders were reviewed for potential major adverse CV-related events. Cases were adjudicated in a blinded manner by an independent cardiologist with experience serving on MACE adjudication panels, who confirmed definite cases of MACE. The definitions used are shown in Supplementary Statistical analysis. The demographic and baseline characteristics of the patients (e.g., laboratory and RA disease activity measures, medical history) were summarized descriptively for patients with and those without MACE. Given that not all patients were randomly assigned to TCZ at the start of the studies, in this analysis, baseline was defined as the time when the first dose of TCZ was administered.
Cox proportional hazards models were used to evaluate associations between risk factors and time to development of MACE. Associations were expressed in the form of hazard ratios (HRs), and 95% confidence intervals (95% CIs) represented the uncertainty of the estimation. The HR was interpreted as a multiplier of the risk of MACE, corresponding to a 1-unit increase in the predictor. Specific examples of interpretation of the HR are shown in Figures 2-4 . Cases of MACE that began before the baseline visit were not counted in this on-treatment analysis.
Patients were evaluated until withdrawal from the study, completion of the study, or the initial occurrence of MACE, whichever occurred first. In the event of multiple occurrences of MACE, only the first was counted. Univariate associations between demographic and baseline disease/ laboratory characteristics and time to future MACE were examined by fitting separate models for each variable. Because of the small number of events, limited multivariable modeling was completed and focused on baseline/demographic characteristics that might be important to evaluate in conjunction with posttreatment changes in laboratory and disease characteristics. Selection of baseline variables for the multivariable Cox model was performed with the considerations described here to ensure robustness and validity of the estimates. Highly correlated variables, such as the swollen joint count (SJC), tender joint count (TJC), and Disease Activity Score in 28 joints (DAS28) (27) , were not entered together. The best score method (28) was used to select between such variables. Forward, backward, and stepwise variable selection methods were then used to verify the stability of selection.
Changes in the predictors of MACE from baseline to week 24 and time to future development of MACE were evaluated after adjusting for age and baseline values to show how treatment-initiated changes were associated with future MACE. For these analyses, only patients with exposure after the week 24 assessment were considered (i.e., patients who had MACE before week 24 [n ϭ 8] or who had withdrawn or completed the study by week 24 [n ϭ 220] were excluded). Thus, 42 MACE cases that occurred after week 24 were considered. Additionally, patients with missing data for a week 24 variable were excluded from the analysis of that variable. Change from baseline was always calculated as the score at week 24 minus the score at baseline; hence, negative-change scores indicated decreases in the predictor value over time, whereas positive-change scores indicated increases in the predictor value over time. The HRs in these analyses correspond to a 1-unit increase in the predictor value from baseline (e.g., worsening joint counts or total cholesterol levels).
For all analyses of predictors, unadjusted P values less than 0.05 were considered significant. Sensitivity analyses, including 5 additional "probable" MACE cases, were conducted to evaluate the stability of the results. Analyses using laboratory and disease activity predictors observed at week 24 were conducted to further explore the associations between the absolute values of these parameters and future MACE.
Such analyses are supportive of the baseline analysis in that they also explore whether the absolute levels of laboratory and disease activity parameters after TCZ exposure are predictive of future MACE.
RESULTS
Exposure and disposition. For this analysis, the total duration of TCZ exposure was 14,683 patientyears. The mean Ϯ SD duration of treatment was 3.68 Ϯ 1.79 years (median 4.54 years), and the maximum length of TCZ exposure was 5.7 years. Independent adjudication of 102 potential cases of MACE in 3,986 patients treated with TCZ, conducted in a blinded manner, confirmed 50 cases, for a rate of 3.4/1,000 patient-years. Characteristics of the patients with and those without MACE at baseline are shown in Table 1 . For the 50 patients with MACE, the median number of days from administration of the first dose of TCZ to development of MACE was 680 (range 29-1,792). MACE was observed throughout the exposure period, with no obvious time trends. 
RISK FACTORS FOR CARDIOVASCULAR EVENTS WITH TOCILIZUMAB
HDL cholesterol ratio and higher apolipoprotein B (Apo B) levels, and a higher Apo B:Apo A-I ratio ( Figure 2 ). Interestingly, IL-6 and IL-6R levels at baseline were not predictive of future MACE (HR 1.00 and HR 1.00, respectively; 95% CI 0.99-1.01 and 95% CI 1.00-1.01, respectively [P Ͼ 0.05]). In multivariable models, older age, a history of cardiac disorders, a higher baseline DAS28, and a higher total cholesterol: HDL cholesterol ratio were independently associated with MACE during TCZ treatment (Figure 3 ). Complementing the associations observed at baseline, Cox proportional hazards models using single predictors observed at week 24 and adjusting for age indicated that a higher DAS28, a larger area under the curve (AUC) of the DAS28, and higher TJCs and SJCs at week 24 were statistically significant predictors of future MACE (see Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/ doi/10.1002/art.38920/abstract). Changes in predictors of MACE between baseline and week 24. Greater reductions in the DAS28, SJC, and TJC from baseline to week 24 were inversely Figure 2 . Univariate analysis of associations between baseline variables (demographic characteristics and medications) (A) and laboratory and disease parameters (B) and the occurrence of major adverse cardiovascular events (MACE) during tocilizumab treatment. An abnormal blood pressure (BP) was defined as systolic pressure Ͼ150 mm Hg or diastolic pressure Ͼ90 mm Hg. HR ϭ hazard ratio; 95% CI ϭ 95% confidence interval; NSAIDs ϭ nonsteroidal antiinflammatory drugs; CHD ϭ coronary heart disease; HDL-c ϭ high-density lipoprotein cholesterol; Apo B ϭ apolipoprotein B; LDL-c ϭ low-density lipoprotein cholesterol; ESR ϭ erythrocyte sedimentation rate; SAA ϭ serum amyloid A; IL-6R ϭ interleukin-6 receptor; CRP ϭ C-reactive protein; DAS28 ϭ Disease Activity Score in 28 joints. ‫ء‬ ϭ For each variable listed, a Cox regression model was fit, with the listed variables at baseline (A and B) and age (A) as predictors. For example, for patients of the same age, each additional swollen joint (of 28 evaluated) is associated with ϳ6% higher risk of MACE. associated with MACE, after adjusting for baseline variable levels (Figure 4) . In contrast, a reduction in the ESR, changes in IL-6R levels, and changes in lipid levels between baseline and 24 weeks were not statistically significantly associated with future MACE in patients treated with TCZ ( Figure 4 
DISCUSSION
To our knowledge, this study is the first to evaluate the relationship between RA disease activity, inflammation, and lipid parameters and the risk of CV events in patients with RA treated with the anti-IL-6 monoclonal antibody TCZ. Because IL-6 is a key driver of inflammation in RA, and because the rates of CVD are higher in patients with RA compared with individuals without RA, we used this population to explore the complex relationships between traditional (lipid) and RA-specific parameters and CV risk.
In the current post hoc analyses of data for patients with moderate to severe RA receiving TCZ, in which 50 independently adjudicated MACE cases were identified, we observed that a history of cardiac disorders, age at baseline, the baseline atherogenic index (ratio of total cholesterol to HDL cholesterol), and baseline RA disease activity (as assessed using the DAS28) were independently associated with MACE. This is consistent with current European League Against Rheumatism (EULAR) guidelines suggesting that the Age-adjusted and baseline parameter-adjusted association of changes from baseline to week 24 in lipid levels, inflammation parameters, and RA disease activity measures with future MACE. ‫ء‬ ϭ For each variable listed, a Cox regression model was fit, with change in the variable at week 24, the variable at baseline, and age at baseline as predictors. The HR corresponds to increased risk of MACE per 1-unit increase in the parameter. For example, for patients who were the same age, started treatment with the same number of swollen joints at baseline, and were treated for 24 weeks, each additional swollen joint (of 28 evaluated) is associated with an 8% higher estimated risk of future MACE. See Figure 2 for definitions. atherogenic index is the most stable marker of lipidassociated CV risk in RA (29) .
Greater reductions in RA disease activity during TCZ therapy were associated with a statistically significantly lower risk of MACE, whereas less-robust therapeutic responses (as assessed by increases in the DAS28, SJC, and TJC from baseline to week 24) were associated with a higher risk (HR Ͼ1). As at baseline, after 24 weeks of treatment, a future risk of MACE was broadly linked to higher levels of disease activity as assessed using the DAS28, the AUC of the DAS28 (a reflection of disease burden over time), TJCs and SJCs, and a less robust therapeutic response. Inverse associations between change in disease activity measures and MACE are consistent with findings from an earlier study of a registry of patients with RA treated with anti-TNF␣ therapy whose risk of MI was lower by more than half if their disease responded to therapy (i.e., achievement of a good or moderate response according to the EULAR criteria) compared with nonresponders (11) . Several observational studies showed that use of nonbiologic DMARDs was associated with a lower risk of MI events in patients with RA (10, 11, 30) . A direct association regarding the long-term effect of TCZ treatment on CVD cannot be determined, given that the time during placebo treatment was limited in these trials; therefore, no robust comparison of MACE risk in placebo-treated patients is possible.
In the present analysis, baseline and week 24 levels of systemic markers of inflammation (ESR and C-reactive protein [CRP]), changes in the IL-6R level and the ESR, and changes in lipid levels over 24 weeks of TCZ treatment were not statistically significantly associated with future development of MACE. The lack of association between the ESR and the CRP level and future development of MACE may be explained by the fact that TCZ is a potent modifier of acute-phase reactants and, therefore, is a poor differentiator between patients with and those without MACE with regard to TCZ treatment (20, 31) . Changes in circulating levels of IL-6 were not evaluated, because TCZ treatment blocks IL-6R, resulting in elevated IL-6 levels in most treated patients.
In the trials analyzed, increases in lipid parameters were observed soon after the initiation of TCZ; mean total cholesterol, LDL cholesterol, HDL cholesterol, and triglyceride levels rose by 16%, 19%, 7%, and 26%, respectively, from baseline to week 6 and remained stable thereafter. Of note, rates of CV events did not appear to increase over the duration of these trials and their long-term extensions, and the CV event rates seen were consistent with those reported in the general population of patients with RA (32) .
One possible explanation for the lack of an observed association between increased risk of CV events and elevated lipid levels in RA patients treated with TCZ is that inflammation, including that mediated by IL-6, can often lead to reduced lipid levels by mechanisms that are not yet fully understood. Such mechanisms may include increased peripheral catabolism (e.g., via decreases in catalytically inactive lipoprotein lipase) (33) and up-regulation of scavenger receptors leading to increased partitioning to tissue (34) (35) (36) . As such, the lipid level increases observed in association with TCZ treatment may in part represent a predictable response to the suppression of inflammation. Further evidence indicating the complexity of the relationship between lipid levels and CV risk in patients with inflammatory diseases is illustrated by a cohort study in which patients with RA who had very low total cholesterol and LDL cholesterol levels were at increased risk of CVD (7). Longer-term prospective studies are needed to confirm this paradoxical observation. With regard to lipid-lowering agents, particularly statins, a low level of use was observed in this population. The association between statin use at baseline and increased risk of MACE in the univariate analysis was likely due to confounding by indication rather than to statin use itself. Indeed, some data suggest that statins may decrease the incidence of CV events in patients with RA (37) , and a recent report underscores the notion that statins are likely grossly underused in the RA population (38) .
The current study has several limitations. First, this post hoc exploratory analysis of safety events was conducted to investigate possible associations with patient characteristics, baseline laboratory values and disease activity parameters, and clinical response characteristics. The results were not adjusted for multiplicity testing, and the study was not specifically powered to evaluate the risk of MACE; thus, these analyses should be interpreted as hypothesis-generating. The number of MACE events (n ϭ 50) was modest in the population analyzed (3.4/1,000 patient-years); however, this event rate is broadly similar to that observed in the British Biologics Registry (5.3/1,000 patient-years). We included all potential MACE cases based on serious adverse event reporting and then verified MACE using blinded adjudication by an independent cardiologist. Therefore, it is unlikely that MACE cases were missed.
In terms of statistical power to evaluate the association between a continuous predictor and the risk of future development of MACE, use of at least 5-10 events per predictive variable in the model is recommended to avoid bias in the estimation of regression coefficients (39, 40) . Nonetheless, a Type II error (i.e., failure to detect an association when it is present but potentially small) is possible. Thus, there were sufficient events for this exploratory endeavor using primarily simple models to evaluate potential risk factors, but they should be interpreted cautiously. Second, treatment was discontinued in 31% of patients during the studies. MACE cases that occurred up to 6 months after the discontinuation of TCZ were included in the analyses; beyond that point, the incidence of MACE is unclear. As such, the analyses might have been affected by informative censoring (i.e., the risk of MACE among patients who withdrew might be different from that among patients who remained in the studies). Furthermore, additional time-varying confounders, including hypertension, use of statins, and use of antiplatelet medications and glucocorticoids, were not evaluated. Finally, conclusions regarding the risk of MACE beyond the period of observation in this study (mean 3.6 years) cannot be made.
In conclusion, our data suggest that measures of disease activity may be independently related to the risk of CVD in patients with RA; in addition, an elevated atherogenic index at baseline (pretreatment) may also be independently associated with this risk. However, and of more importance to clinical practice, the current analysis suggests that changes in measures of RA disease activity, but not necessarily changes in lipid levels, are associated with incident MACE in TCZ-treated patients.
